Characteristic features of the embrittlement occurring in the temperature range from 1 000 to 600 °C in various kinds of steels were examined by hot stage tensile test as well as fractographic analysis, and the mechanism of this embrittlement is discussed.
Synopsis
Characteristic features of the embrittlement occurring in the temperature range from 1 000 to 600 °C in various kinds of steels were examined by hot stage tensile test as well as fractographic analysis, and the mechanism of this embrittlement is discussed.
The embrittlement is caused by the slower strain rate of the tensile test and fracture occurs along the austenite grain boundary by either grain boundary sliding or by localization of strain in the film-like proeutectoid ferrite produced by the r-a transformation.
Steels such as ferritic steel and electrolytic iron do not have this embrittlement, while carbon steels containing 0.05 to 0.4 % carbon and fully austenitic steels reveal this embrittlement. In the case of carbon steels, sulfur, nitrogen and niobium are detrimental elements while aluminum and phosphorus suppress it depending on their content and state of existence in the steels.
The stress-strain analysis by an Instron type machine shows that the restoration process either by dynamic recovery or by dynamic recrystallization plays an important role in this embrittlement. Another finding is that proeutectoid ferrite deforms preferentially in the austenite plus ferrite region because of very low levels of flow stress and work hardening rate in this ferrite.
Thus, factors governing this embrittlement are the degree of ease of the recrystallization in austenitic steel relating to the grain boundary sliding, and the formation of film-like proeutectoid ferrite produced by the r-a transformation in the case of carbon steels. Grain boundary precipitates such as sulfides and carbonitrides act as nuclei of voids and thus promote this embrittlement.
I. Introduction
The abnormality of flow stress and ductility occurring around austenite plus ferrite region in carbon steels has been discussed for a long time and it is only of recent interest because this embrittlement is closely related to the formation of surface cracks in continuously cast carbon steels. It was suggested by Sherby1) in 1962 that shallow minimum occurring in this region was due to the difference of self diffusivity and also to the number of slip systems between r and a.
However, it was found that even in plain carbon steels chemical species such as Al, Nb and V change the sensitivity,3-s) thus grain boundary weakening due to precipitation has been considered as the main factor. Moreover very similar embrittlement has been reported in fully austenitic stainless steels.7~ So, it is suggested that the embrittlement occurring in this temperature range, i.e., 1 000 to 600 °C, is caused by several factors.
II. Experimental
Gleeble testing machine (Model 1500) and an Instron type machine were used to examine the hot stage mechanical behavior. Chemical compositions of test pieces are shown in Table 1 . Heat Nos. 1, 2, 5 and 6 were prepared by vacuum melting, and Heat Nos. 3 and 4 were taken directly from continuously cast slabs.
Ductility was evaluated by either reduction of area (Gleeble) or total elongation (Instron) and true stress-true strain curves were analyzed with the aid of a computer. Figure 1 shows the hot ductility behavior against strain rate and test temperature in a niobium containing steel (Nb). The embrittlement is revealed as the decrement of reduction of area (RA). In the temperature range from 1 000 to 600 °C, hot ductility decreases with lowering strain rate in the tensile test, and flow stress decreases also. This is the most important feature of the embrittlement to consider in this temperature range. As reported in a previous paper,8) the embrittlement due to sulfides and phosphides in higher temperature ranges than this shows Figure 2 shows the effect of carbon content on this embrittlement in plain carbon steels. Chemical compositions are shown in Table 2 .
III. Results

Effect of the Strain Rate
The electrolytic iron (P) does not reveal any ductility trough although the flow stress res. temperature curve shows a dip at around 900 °C, which is close to the r-a transformation temperature. The embrittlement appears only in steels containing carbon from 0.05 to 0.4 %. It is also noticed that ductility minimum temperature lowers with increasing carbon content. Measurement of the r-a transformation temperature by a dilatometric method confirms that the higher temperature side of the ductility trough corresponds to the Ar3 transformation temperature.
Photograph 1 shows film-like proeutectoid ferrite produced by the r-a transformation. This data was taken from a specimen (Si-Mn) quenched from 750 °C, i.e., the ductility minimum temperature, before the tensile test.
The effect of nitrogen content is shown in Fig. 3 . To avoid the influence of other trace elements, vacuum melted heats shown in Fig. 3 were used. As clearly seen from this figure, nitrogen acts as an embrittler if its content exceeds 0.005 %. Figure 4 shows the effects of both nitrogen and aluminum. If this result is compared with that of Fig. 3 , it is clear that the addition of aluminum to the steels with higher content of nitrogen results in the suppression of this embrittlement.
This result is a new finding and also Vol. 24, 1984 (171) in good agreement with Wray's recent results.9~ Most of the published data claim that aluminum acts as an embrittler although those steels always contain a fairly large amount of nitrogen and/or sulfur. Figure 5 shows the effect of sulfur. Sulfur is the most detrimental element while phosphorus reduces this embrittlement if its content exceeds 0.1 % (Fig. 6) .
From these results, it is concluded that aluminum is not a harmful element under the present experimental condition. Nitrogen and sulfur are more Effect of phosphorus on hot ductility in low carbon steels.
(172 ) Transactions ISIJ, Vol. 24, 1984 important elements to take into account.
As examples of single phase materials, results of ferritic alloy (16 Cr) and austenitic alloy (20 Ni) are shown in Figs. 7 and 8. Ferritic alloy does not show any embrittlement in this temperature range while the ductility behavior of the austenitic alloy is very similar to that of carbon steels.
Stress-Strain Analysis
To make clear the plastic flow behavior at high temperatures, the Instron type tensile test was performed.
Typical examples of stress-strain curves are shown in Figs. 9 to 12. Stress-strain curves of the ferritic alloy (16 Cr) are very smooth in all temperature ranges and stress level is very low (Fig. 9) , while other alloys show wavy curves in the higher temperature range of the austenite phase. As is well known,l0-12~ smooth curves of the ferritic alloy are due to dynamic recovery and wavy curves of the austenite phase are because of dynamic recrystallization during tensile deformation at a slow strain rate. As the test temperature lowers in the austenite phase, the number of serrations become fewer and the strain for dynamic recrystallization becomes larger, and work hardening only proceeds at lower temperatures leading to poor ductility.
In the austenitic alloy (20 Ni), dynamic recrystallization occurs above 1 000 °C and work hardening only proceeds at a lower temperature than this. The temperature giving a minimum value of total elongation as taken by the Instron machine coincides with that by the Gleeble machine as shown in Fig. 8 . Thus, it is noted that the ease of the restoration process determines hot ductility. In the case of Al-killed steel shown in Fig. 11 , a test temperature o£ 850 °C Fig. 7 . Dependence of hot ductility and maximum flow stress on the strain rate and test temperature in ferritic alloy (16 Cr). 1'73) was the critical temperature of recrystallization and it is very close to the r-a transformation temperature. On the other hand, the recrystallization temperature as well as the stress level in the Nb containing steel shown in Fig. 12 is higher than in the Al-killed steel. It is thought that niobium carbonitrides precipitate during the tensile test (deformation induced precipitation)13,14~ retarding the restoration process. Another factor related to this embrittlement is the plastic flow difference between austenite and ferrite phases. Taking stress-strain curves of the electrolytic iron (P), maximum flow stress and work hardening rate were computed. These results are shown in Figs. 13 and 14 against the test temperatures. Both curves have gaps at around the Ar3 temperature.
It is clear that both flow stress and work hardening rate reach a minimum at the onset temperature of the r-a transformation.
These results strongly suggest that the film-like proeutectoid ferrite along the austenite grain boundary just formed by the r-a transformation (shown in Photo. 1) deform preferentially, leading to the embrittlement in carbon steels.
Fracture Mode
Photograph 2 (a) shows the evidence of grain boundary sliding, which was taken from the austenitic alloy (20 Ni) pulled for 5 % strain at 750 °C and i=5 X 10-3/s, and Photo. 2(b) shows the fracture surface of the same specimen. Photograph 3 shows the sequence of void nucleation, coalescence and final failure along the austenite grain boundary in niobium steel. These microstructures were obtained by interrupting the tensile test (tested at 750 °C and =6.7x 10--3/s). Another example (Photo. 4 (see p. 174)) is a case of a mixed type of fracture mode, i.e. grain boundary sliding at the r-r interface and void coalescence in the film-like proeutectoid ferrite region. These data were taken from a low carbon Al-killed steel pulled at 750 °C and =5 X 10-3/s. It is noted that sulfides or oxides having less than 1 dia. existed in each dimple. This fractography is very similar to the intergranular ductile fracture topography taken at around room temperature by Churz and McMahon•15) From these results it is summarized that the embrittlement occurs along austenite grain boundary by either grain boundary sliding in the austenite phase or by vo~ coalescence in the film-like proeutectoid ferrite produced by the r-a transformation. 
Iv. Discussion Mechanism of the Embrittlement From the experimental results described above, the mechanism of the embrittlement occurring in the temperature range from 1 000 to 600 °C is considered to be as follows.
In the lower temperature of the austenite phase, restoration processes such as dynamic recovery or dynamic recrystallization become difficult. Thus, plastic deformation progresses via, grain boundary sliding, which causes wedge type cracks at the grain boundary triple point as shown in Photo. 2. If there are precipitates on the grain boundary, they act as nuclei for void formation. Therefore, precipitation of sulfides or nitrides on the grain boundary accelerates this embrittlement.
In the case of niobium steels, niobium carbonitrides precipitate before or during plastic deformation causing retardation of the recrystallization and results in significant embrittlement.
In the case of plain carbon steels having a carbon content of 0.05 to 0.4 %, film-like proeutectoid ferrite is produced along the austenite grain boundary at the Ar3 temperature.
As shown in Figs. 13 and 14, the flow stress level of the ferrite phase is about 1 /4 of the austenite phase compared at 900 °C, and the work hardening rate of the ferrite phase is exceedingly small. Thus, when the tensile test is performed at the austenite plus film-like proeutectoid ferrite region, then plastic deformation occurs preferentially in this ferrite region until final failure occurs. The electrolytic iron does not produce any film-like proeutectoid ferrite because the dual phase region of austenite plus ferrite is very limited. Therefore, this material does not reveal this embrittlement.
From these considerations, the mechanism of embrittlement is schematically shown in Fig. 15 . Grain boundary sliding is a major embrittling factor in austenitic alloys or in the austenite phase for niobium steels and film-like proeutectoid ferrite is a major embrittling factor in plain carbon steels.
So, the higher temperature side of the ductility trough corresponds to either the limiting temperature of the restoration process or to the Ar3 temperature, while the lower side is determined by either the commencing temperature of the grain boundary sliding in austenitic alloys or by the completion of the r-a transformation in carbon steels. 
